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Thermodimorphic fungi include most causative agents of systemic mycoses, but the molecular mecha-
nisms that underlie their deﬁning trait, i.e. the ability to shift between mould and yeast on temperature
change alone, remain poorly understood. We hypothesised that the heat shock factor (Hsf), a protein that
evolved to sense thermal stimuli quickly, might play a role in this process in addition to the known reg-
ulator Drk1 and the Ryp proteins. To test this hypothesis, we characterised the Hsf from the thermo-
dimorph Paracoccidioides lutzii (formerly Paracoccidioides brasiliensis isolate 01). We show in the
present work that PlHsf possesses regulatory domains that are exclusive of the Eurotiomycetidae family,
suggesting evolutionary specialisation; that it can successfully rescue the otherwise lethal loss of the
native protein of Saccharomyces cerevisiae; and that its DNA-binding domain is able to recognise regula-
tory elements from the promoters of both Drk1 and Ryp1. An in silico screening of all 1 kb sequences
upstream of P. lutzii ORFs revealed that 7% of them possess a heat shock element. This is the ﬁrst descrip-
tion of a heat shock factor in a thermodimorphic fungus.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Thermodimorphic fungi comprise a group of systemic patho-
gens of humans which share the ability to undergo intense mor-
phogenetic reprogramming when exposed to the host
temperature, which causes them to adopt a yeast phenotype that
enables them to survive and cause illness (Rappleye and Goldman,
2006). Otherwise, at room temperature they exist as saprophytic
moulds found normally in the soil. When inhaled, their propagules
– spores and hypha fragments – undergo the dimorphic transition
from mould to yeast and establish visceral granulomatous infec-
tion that can spread from the lung to virtually any other organ
(Rappleye and Goldman, 2006). Some of these pathogens, such as
Histoplasma capsulatum as well as Paracoccidioides brasiliensis and
Paracoccidioides lutzii sp. nov (formerly P. brasiliensis isolate 01)
are both primary and opportunistic (Rappleye and Goldman, 2006).Biologia Molecular, Departa-
0910-900 Brasília, DF, Brazil.
, USA.
evier OA license. P. lutzii was recently proposed as a new species within Paracoc-
ciodioides genus using molecular and morphological approach
(Teixeira et al., 2009). It causes the Paracoccidioidomycosis
(PCM) that is fatal if untreated and often leads permanent lifestyle
constraints in patients due to extensive ﬁbrotic damage to the
lungs. Its endemic area comprises most of Latin America and up
to 80% of cases are diagnosed in Brazil (Brummer et al., 1993). It
is estimated that a population of ten million people have been ex-
posed to the pathogen, 200,000 of which will eventually develop
the illness (Franco, 1987). The main propagule is thought to be mi-
totic spores (also called arthroconidia), and environmental reser-
voirs include soil samples and armadillos such as Dasypus
novemcinctus (Bagagli et al., 2008).
Although the mechanisms of pathogenesis of these fungi re-
main poorly understood, their ability to grow at host temperatures
and to adapt their morphology accordingly is considered a deter-
minant of virulence. Until recently, the mechanisms whereby the
dimorphic transition is controlled were unknown, but this picture
has changed with the discovery of the histidine kinase Drk1 in
H. capsulatum and Blastomyces dermatitidis (Nemecek et al., 2006)
and of the Ryp transcription factors in H. capsulatum (Nguyen
and Sil, 2008; Webster and Sil, 2008), which were found to be
key regulators in the process. However, questions remain as to
how fungal cells sense the change in temperature, and which
Table 1
S. cerevisiae strains used in this work.
Strain Genotype Reference
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equally unknown to what extent other pathways, such as
calcium-dependent signal transduction, inﬂuence the process
(Campos et al., 2008).
Temperature changes are physical stimuli that must be con-
verted into biochemical signals in order to be interpreted by the
cell. In eukaryotes, at least one protein has evolved to process ther-
mal stimuli: the heat shock factor (Hsf). This general transcription
factor is essential for cell viability and has been classically de-
scribed as the master regulator of heat shock protein (Hsp) expres-
sion (Sorger and Nelson, 1989; Voellmy, 2004). Its binding site in
the promoters of target genes is called heat shock element (HSE)
and consists of at least three (nGAAn) conserved cores in both
strands of the double helix, each one of which is bound by at least
one Hsf monomer (Sorger and Nelson, 1989). In some organisms,
such as the model yeast Saccharomyces cerevisiae, most HSEs are
constitutively occupied by Hsf in an inactive state at room temper-
ature, and the protein becomes active when the temperature rises
(Jakobsen and Pelham, 1988). In others, such as the ﬁssion yeast
Schizosaccharomyces pombe, Hsf is found in the cytosol at room
temperature and upon heat shock oligomerises and is translocated
into the nucleus to exert its effects (Gallo et al., 1991).
However, the fact that it is essential even at normal tempera-
tures suggests that Hsf may have more roles in the cell than
controlling the expression of Hsps. Indeed, chromatin immunopre-
cipitation studies have shown that Hsf binds around 3% of all S.
cerevisiae promoters, including some that have no apparent HSE
(Hahn et al., 2004). The presence of multiple Hsf proteins in
multicellular organisms also implies functional specialisation.
The signature DNA-binding domain of Hsf, which is conserved
among eukaryotes, contains a winged helix that is responsible for
recognition of the HSE (Cicero et al., 2001). An oligomerisation do-
main is also recognised (Bonner et al., 1992). Studies in S. cerevisiae
have demonstrated regulatory functions for several other regions
of the protein that are species-speciﬁc, and correlated their role
to the response to stress sources other than heat, such as oxidative
stress exposure to heavy metals (Bulman et al., 2001; Liu and
Thiele, 1996; Nietosotelo et al., 1990; Sewell et al., 1995). HSEs also
display structural variability that has been linked to differential re-
sponses to stimulus (reviewed by Hashikawa et al., 2007). In all, it
seems that Hsf proteins have been evolutionarily co-opted to carry
out different functions in addition to their classical role in the re-
sponse to heat shock.
Outside of yeasts and mammals, Hsf proteins have been scar-
cely studied; some descriptive work of their behaviour in the ﬁla-
mentous fungi Neurospora crassa (also free-living; Meyer et al.,
2000) and Aspergillus fumigatus has been published, the latter in
the context of proteome changes caused by heat shock (Albrecht
et al., 2010), and a seminal paper on Hsf in Candida albicans was
published recently (Nicholls et al., 2009). To the best of our knowl-
edge, Hsf has not been studied in thermally dimorphic fungi, nor
has its involvement, if any, in dimorphic transition. In the present
work, we describe some of the properties of the Hsf of P. lutzii
(PlHsf), and show that it shares domains with closely related
organisms that are not found outside of the clade to which they be-
long; is able to rescue the loss of the native gene in S. cerevisiae;
and binds HSEs found in regions upstream of drk1 and ryp1 genes
implicated in dimorphism.name
HS126 MATa ade2 his3 leu2 trp1 ura3 can1 hsf1::HIS3 YCp-
URA3-HSF1
Sakurai and
Takemori (2007)
HCP1 MATa ade2 his3 leu2 trp1 ura3 can1 hsf1::HIS3 YCp-
URA3-HSF1 YEp-LEU2-Pbhsf
HCP2 MATa ade2 his3 leu2 trp1 ura3 can1 hsf1::HIS3 YCp-
URA3-HSF1 Yep-LEU2
This project
HCP3 MATa ade2 his3 leu2 trp1 ura3 can1 hsf1::HIS3 YEp-
LEU2-Pbhsf2. Materials and methods
2.1. Fungal strains
The isolate of P. lutzii used in our work is the one sequenced
by the Broad Institute under the name P. brasiliensis isolate 01(Pb01 – ATCC NMYA-826). The HS126 strain of S. cerevisiae, kindly
supplied by Dr. Hiroshi Sakurai, and its derivatives generated in
this work are described in Table 1. Brieﬂy, this strain has no chro-
mosomal copy of the HSF1 gene, which is replaced by a copy in a
centromeric URA3 plasmid.
2.2. Growth conditions
Deﬁned medium for S. cerevisiae (SD medium) was 1X ammo-
nium sulphate-supplemented yeast nitrogen base (Difco) plus glu-
cose at 2% (m/v). Depending on the experiment, a combination of
the following supplements was added: 5.7 mM 5-ﬂuoro-orotic acid
(Boeke et al., 1987), 1% (v/v) dimethyl sulphoxide (D), 179 lM ura-
cil (U), 265 lM leucine (L), 148 lM adenine (A) or 108 lM trypto-
phan (T). For a given experiment, the supplements used are
indicated by adding their initials to the name of the medium. Thus,
SD + TA means SD plus tryptophan and adenine, and so on. Non-
deﬁned rich medium for S. cerevisiae was YEPD (Sambrook and
Russel, 2001). S. cerevisiae was grown at 30 C on Petri dishes. P.
lutzii yeast was grown on BHI medium (brain heart infusion extract
at 3.7% m/v, glucose at 0.8% m/v) at 37 C. For solid media, agar was
added at 2% (m/v).
2.3. Nucleic acid extraction
For both genomic DNA and total RNA, 500-ml, one-week liquid
cultures of P. lutzii yeast were harvested by centrifugation (2000g,
5 min), weighed, frozen in liquid nitrogen and ground with mortar
and pestle. The DNA was extracted with phenol:chloroform fol-
lowed by precipitation as outlined in (Sambrook and Russel,
2001); for RNA, the powder was processed with the TRIzol re-
agent (Invitrogen) following the supplier’s instructions. The integ-
rity of RNA was checked by non-denaturing agarose gel
electrophoresis.
2.4. Identiﬁcation of the Plhsf gene
The HSF gene from S. cerevisiae was used as a query sequence in
the tBLASTx search tool of the National Centre for Biotechnology
Information (NCBI) to identify potential homologues in fungi clo-
sely related to P. lutzii. Sequences were obtained from H. capsula-
tum and several aspergilli. These were aligned with the
CLUSTALW2 tool of the European Bioinformatics Institute (http://
www.ebi.ac.uk/Tools/clustalw2/) and two small regions whose
nucleotide sequences were highly conserved in all tested fungi
were used to design degenerated primers (HSFF – 50 GAT-
GARGAYGAGTTCGCCAAGAC 30 and HSFR – 50 GCGTTGATCGAYTT
CTCGTGACG 30) that would enable us to obtain a fragment of the
P. lutzii homologue by variable-stringency PCR (94 C for 3 min;
4 cycles of 94 C for 1 min, 50 C for 30 s and 72 C for 45 s; 31 cy-
cles of 94 C for 1 min, 54.5 C for 30 s and 72 C for 45 s; 72 C for
7 min). We thus obtained an amplicon from P. lutzii genomic DNA
that was found to be a 361-bp fragment highly similar to fungal
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ampliﬁcation of cDNA ends (50 RACE: 50 TGCCACCTCCTTCATCTC-
CAAAATCCTC 30; 30 RACE: 50 GCAGAGGGAACGCTGGGAGGTGATC
30) using the S.M.A.R.T. RACE cDNA. Ampliﬁcation System (TaKaRa
Clontech) following the supplier’s instructions. A 1.5 kbp 50 frag-
ment and a 2.5 kbp 30 fragment were generated, cloned separately
into the pGEM T Easy vector (Promega) and sequenced with a pri-
mer-walking strategy (primers available upon request). The partial
sequences were assembled using the CAP3 application in the Bio-
Edit software and correctedmanually. Once a full-length coding se-
quence for Plhsf became known, we designed primers (50 PlHSF – 50
ATGTTGGCCATGACGTCGCCAGGTGTC 30 and 30 PlHSF – 50 GCTTCAC
ACGATCTCTTACCCCAAACCAG 30) to recover the gene as a single
amplicon from genomic DNA using the FideliTaq PCR Master
Mix (USB corporation) following supplier’s instructions (ampliﬁca-
tion programme: 2 min at 95 C; 35 cycles of 30 s at 95 C, 30 s at
50 C and 3.5 min at 68 C; and 7 min at 68 C). The genomic ampli-
con was cloned into pGEM T Easy and resequenced to identify in-
trons. It is important to emphasize that all these experiments were
carried out before the P. lutzii genome data from Broad Institute
was released.
2.5. Cloning of the Plhsf ORF into a yeast expression vector
In order to express the Plhsf gene in S. cerevisiae, we chose the
episomal vector YEppgk351, a derivative of the classical YEp351
vector that contains the 3-phosphoglycerate kinase constitutive
promoter from S. cerevisiae upstream of a single Bgl II restriction
site, as well as the auxotrophic marker LEU2. We designed a set
of primers to amplify the Plhsf ORF from cDNA: the forward primer
(50 Pl? ScHSF: 50 TAGATCTATAATGTTGGCCATGACGTCGCCAGG
TGTC 30) introduces a Bgl II restriction site (bold) to the 50 end of
the amplicon and modiﬁes the bases immediately upstream of
the ﬁrst codon (italicised) to resemble more closely a Kozak con-
sensus sequence (underlined, inserted mutations). The reverse pri-
mer (30 Pl? ScHSF: 50 TAGATCTGCTTCACACGATCTCTTACCCCAAA
CCAG 30) introduces a Bgl II site to the 30 end of the amplicon. Upon
ampliﬁcation using the FideliTaq PCR Master Mix (same pro-
gramme as for the genomic amplicon above), the fragment was
cloned into the pCR-XL TOPO vector (Invitrogen) following sup-
plier’s instructions, recovered by digestion with Bgl II, and then
cloned into the Yeppgk351 vector, which had been linearised with
Bgl II and terminally dephosphorylated with shrimp alkaline phos-
phatase. Clones were tested for orientation of the insert prior to
transforming yeast. The new plasmid construct was named
YEpPlhsf.
2.6. Transformation of yeast, selection by auxotrophic markers and
counterselection with 5-FOA
For each transformation experiment, a single colony of HS126
was cultured to saturation in liquid YPD with vigorous shaking.
Cells from a 200 ll sample were harvested by centrifugation
(2000g, 1 min) and resuspended into 200 ll of one-step yeast
non-insertional transformation solution [100 mM DTT, 200 mM
C2H3LiO2, 40% (m/v) 3.5-kDa polyethylene glycol] containing 1 lg
of YEpPlhsf or, as a negative control, YEppgk351. The suspensions
were incubated for 1 h at 45 C and plated onto SD + TA plates to
select transformants for the ability to grow without leucine. The
presence of the plasmid was conﬁrmed by colony PCR (see below).
The new strain containing YEpPlhsf was named HCP1 and the con-
trol strain containing YEppgk351, HCP2 (see Table 1). The ability of
Plhsf to rescue the loss of the native gene in S. cerevisiae was as-
sessed by a counter-selection strategy with 5-FOA (Boeke et al.,
1987). HCP1 and HCP2 colonies were seeded onto an SD + TAU5
plate, which would allow descendants that lost the centromericURA3 plasmid containing the native gene (see Table 1) if the P. lut-
zii homologue in YEpPlhsf were able to replace it; and onto an
SD + TAUD plate to control for the toxicity of DMSO, which was
used as the solvent for 5-FOA. The loss of the native copy was con-
ﬁrmed by colony PCR.
For colony PCR, the FideliTaq PCR Master Mix system was used
according to the supplier’s instructions (USB) Primers for the S.
cerevisiae copy were ScHsfF (50 CAGCAAATCTTCTCTACCTCTAATG
30) and ScHsfR (50 CCAAACCAATCTATACGGTCACAATAG 30) and for
the P. lutzii copy, PlHsfF (50 CTGTTCATGCTCTCGCCGCAAT 30) and
PlHsfR (50 ATCCGATTACTCGATGCGGGCTAGCGAAC 30). A fragment
of yeast colony was loaded into a PCR reaction mix (ﬁnal volume
50 ll; primers at 200 nM) and the ampliﬁcation cycle (95 C for
1 min, 60 C for 1 min, 72 C for 40 s; 35 times) was preceded by
a 5-min incubation at 95 C to lyse yeast cells, and followed by a
ﬁnal extension at 72 C for 5 min.
2.7. Sequence analysis and conservation inside Eurotiomycetidae
Molecular weight for PlHsf was estimated by the pI/MW tool of
the ExPASy proteomics server at the Swiss Bioinformatics Institute.
The presence of disulphide bonds was estimated by the DCON neu-
ral network (http://gpcr.biocomp.unibo.it/cgi/predictors/cys-cys/
pred_dconcgi.cgi; 11). Multiple alignments with other Hsf homo-
logues in ﬁlamentous and dimorphic fungi were performed with
CLUSTALW2. Phylogenetic analysis of Hsf proteins was carried
out using input alignments generated by homologous amino acid
sequences from released genomes of the Eurotiomycetideae. The
Hsf from S. cerevisiae was selected as the outgroup. The best amino
acid substitution model was selected by performing hierarchical
likelihood ratio test using ProtTest (Abascal et al., 2005). The
best-ﬁt model selected under Akaike Information Criterion (AIC)
was Jones (Jones et al., 1992). The Bayesian inference method
was selected to generate the protein phylogeny using Mr. Bayes
3.1 (Ronquist and Huelsenbeck, 2003) and branch ﬁdelity was ac-
cessed using posterior probabilities (Rannala and Yang, 1996).
The starting tree parameter was set to ‘‘random’’ and processed
for one million generations and Log Likelihood values were re-
trieved every 50th generation by running two chains simulta-
neously. Log-likelihood values were plotted against the
generation number to evaluate convergence, samples collected
prior to ‘‘burn-in’’ were ignored and the remaining ones were used
to calculate the posterior probabilities. The phylogram was built
with the help of the tree editor FigTree v1.3.1 (http://tree.bio.ed.a-
c.uk/software/ﬁgtree/).
2.8. Screening of P. lutzii promoters for HSEs
According to the classiﬁcation scheme of Sakurai and Takemori
(2007), HSEs can be classiﬁed as canonical, gap- or step-type, and
each variety has been correlated with different regulatory patterns.
We used that classiﬁcation to develop a dedicated search tool, using
the PERL programming language, to screen, count and classify all
HSEs (Table 2) in any given FASTA ﬁle. We used it to identify
putative HSEs in a ﬁle containing all 9132 1 kb sequences upstream
of annotated ORFs of P. lutzii, available for download at the
Broad Institute home page (http://www.broadinstitute.org/
annotation/genome/paracoccidioides_brasiliensis/download/?sp=
EAUpstreamFasta&sp=SParacocci_br_Pb01&sp=S.zip). This script
performs the search in a character-by-character basis using regular
expressions deﬁned in the table 2, which is also used for automatic
classiﬁcation. The search was exhaustive, not probabilistic, and did
not allow for insertions or deletions relative to the consensus se-
quences. Since the stringency of the script is absolute, the probabil-
ity of ﬁnding an HSE in a random sequence is equal to the
probability of random occurrence of this motif.
Table 2
Types of HSE and possible structures that were used for promoter screening in P.
lutzii.
HSE type Possible sequences (50 > 30)
Canonic nGAAnnTTCnnGAAn
nTTCnnGAAnnTTCn
Step-type nTTCn(5 bases)nTTCn(5 bases)nTTCn
nGAAn(5 bases)nGAAn(5 bases)nGAAn
Non-canonic Gap-type nTTCnnGAAn(5 bases)nGAAn
nTTCn(5 bases)nTTCnnGAAn
nGAAn(5 bases)nGAAnnTTCn
nGAAnnTTCn(5 bases)nTTCn
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domain
The production of the GST fusion protein was achieved by initial
ampliﬁcation of the DNA-binding domain (DBD) from Plhsf with
subsequent cloning into pGEM-T vector (Promega). PCR was per-
formed from cDNA template employing the Platinum Taq DNA
Polymerase High Fidelity (Invitrogen) and primers (DBDhsf1 – 50
GAATCCGAAACAGAGGCTGAGCTGGA 30 and DBDhsf2 – 50 CTC-
GAGGACCGCGTTTGAAGTAAGGA 30) that introduced Bam HI and
Xho I ﬂanking sites in the sequence (bold). The pGEM-T-derived
364 bp fragment from Plhsf (Bam HI/Xho I) was subcloned into
pGEX-4T2 expression vector (GE Healthcare). The recombinant
GST::PlHSF-DBD fusion protein was produced in Escherichia coli
BL21(DE3) and puriﬁed using GSTrap FF afﬁnity column (GE
Healthcare) according to the manufacturer’s guidelines. The con-
centration of recombinant protein was estimated by Bradford
method (Bradford, 1976).2.10. HSE probe design and electrophoretic mobility shift assays
(EMSA)
Since our interest was to investigate potential connections be-
tween Hsf proteins and the mould to yeast transition in thermally
dimorphic fungi, we arbitrarily selected the promoters of the P. lut-
zii homologues of two genes that encode the proteins known to be
involved in that process: Drk1 and Ryp1. Indeed, we were able to
pinpoint two putative HSEs in these promoters, as well as in the
promoter of the hsp104 gene, which encodes the P. lutzii homo-
logue of a heat shock protein that is regulated by Hsf in S. cerevisi-
ae. We then designed complementary oligonucleotides to generate
these regions in vitro. These probes are listed in Table 3 (only one
strand). Double-stranded probes used for EMSAs were obtained
using synthetic FAM-labelled oligonucleotides and their comple-
mentary sequences (Table 3). The probes were annealed by heating
500 ng of each oligonucleotide to 95 C and letting them cool to
room temperature in 30 lL of 1 annealing buffer (0.2 M Tris–
HCl pH 7.7). Binding was achieved by incubating 5 lg (6.25 lM)
of GST::HSF with 30 ng (50 nM) of probe (20 min, room tempera-
ture) in the presence of 0.1 M KCl, 2.5 lM ZnCl2, 4 mM spermidine
and 1 lg poly [d(I  C)]. For competition experiments, unlabelledTable 3
EMS A probes used in this work.
Gene EMS A probe sequence (50 > 30)*
drk1 CCTGACATCAAGAAACATGTAGAAAGCTCCCGAACTCTCCACTAA
ryp1 GCGATACAGAGGAACATTCTGCAAATTCCTGCTGCCTCA
hsp104 GGGTTAATACCGAAAGTCACTTCGAAAACCTTCAAGGTTGTTGC
* These forward oligonucleotides used were synthesized with and without the
ﬂuorescent 50-FAM label. HSE cores were highlighted in bold.probes (wild type and mutated versions) were simultaneous used
in 25-, 50- or 100-fold molar excess. The mutated versions of the
competitors contained GAA? CAA and TTC? TTG substitutions
in all sites in order to prevent binding. Reaction mixtures were
loaded on a non-denaturing 8% polyacrylamide gel and electropho-
resed at 500 V in 0.5 TBE. Gel analysis was carried out using a
Typhoon 9210 variable mode imager (GE Healthcare).3. Results
3.1. Features of Plhsf and its cognate protein
Sequencing and assembly as outlined above revealed a 2523-bp
cistron, corresponding to an 840aa predicted protein. The genomic
region has a 136-bp intron. This sequence was deposited in Gen-
Bank under the accession number EF599107.1. The Pb01 (P. lutzii)
sequence released by the Broad Institute under accession number
EEH38737.1 is only 741aa long, but since this was an automated
assembly, and we obtained a full amplicon from cDNA, we assume
the latter sequence represents probably a gene prediction error.
Methionine-1 in the Broad sequence corresponds to methionine-
100 in ours; the intron and the remaining coding sequence are in
perfect correspondence to the sequence we obtained. The nucleo-
tides for the missing 99 residues are the same in the Broad geno-
mic database for Pb01, and there are no insertions or deletions
that would introduce a frameshift or a stop codon; therefore, we
see no apparent reason not to include them in the gene. Further-
more, the homologues from P. brasiliensis isolates 18 and 03, also
released by the Broad Institute (accession numbers EEH46310.1
and EEH17457.1), correspond to predicted proteins 836aa long.
The predicted molecular weight of the unmodiﬁed protein is
92 kDa. To the best of our knowledge, it is the largest Hsf protein
characterised to date, although the deposited sequences of homo-
logues from Microsporum canis and B. dermatitidis are even longer.
It is unlikely to form any disulphide bonds according to the DCON
tool, which is not unexpected, since Hsf proteins are described as
modular and very ﬂexible, being able quickly to respond to heat
by means of conformational change.
Fig. 1 depicts the DNA-binding domain of PlHsf. It is remarkably
well conserved relative to the S. cerevisiae protein (Wiederrecht
et al., 1988). Within it, a-helix 3, known to be directly responsible
for recognition of the nGAAn cores (Hubl et al., 1994), is identical
to the Hsf of S. cerevisiae, including Met204, whose substitution
by valine in S. cerevisiae results in constitutive activation of Hsf
(Bonner et al., 1992). Proline-187 introduces a turn that is also
found in other Hsfs and is a signature of the helix-turn-helix motif
of this kind of DBD (Hardy and Nelson, 2000). The full protein is
shown in Supplementary Fig. 1, as well as its alignment with other
fungal Hsfs from Eurotiomycetidae.
Multiple alignments of the sequences revealed conserved re-
gions other than the DBD that are not present in fungi outside of
Eurotiomycetidae. Fig. 1 compares the domains already described
for the Hsf of S. cerevisiae and the conserved domains in the ﬁla-
mentous and dimorphic fungi used to generate the phylogram.
The KRAKK motif at the C-terminus, which has been described in
S. cerevisiae as essential to the response to some kinds of stress
(Sakurai and Fukasawa, 2001), is the only regulatory region that
seems to be shared with dimorphic and ﬁlamentous fungi. Three
other domains, numbered 1–3, are conserved in Eurotiomycetidae
and do not share any homology with Hsf proteins from Saccharo-
mycotina, plants or metazoans. Whether they play regulatory or
structural roles remains to be seen; although the oligomerisation
domain from yeast Hsfs is absent in dimorphic fungi, domain 3 is
rich in hydrophobic residues in conserved positions (see
Supplementary Fig. 1) which have been linked to coiled-coil
Fig. 1. The schematic representation of the entire protein. Upper panel: schematic representation of the Hsf proteins from dimorphic fungi. Numbered segments represent
conserved regions and the domains lengths are relative to the P. lutzii sequence. DBD: DNA-binding domain. Shaded black: KRKK region. See text for details and
supplementary Fig. 1 and text for features of individual domains. Lower panel: schematic representation of the S. cerevisiae Hsf1 protein (adapted from Hashikawa et al.
(2007)); AR, activation regions 1 and 2; dashed, oligomerisation domain; CTM, carboxy-terminal domain containing the KRAKK region. The shaded region between residues
531 and 554 contains multiple serine residues that are known to be phosphorylated; see Supplementary Fig. 1 and text for features of individual fungal domains.
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erated a phylogram of Eurotiomycetidae Hsfs, which is depicted in
Fig. 2. The putative protein from P. lutzii and the homologues from
Onygenales P. brasiliensis, H. capsulatum, B. dermatitidis, Coccidioi-
des immitis and C. posadasii form a monophyletic group clustered
apart from aspergilli and Neosartorya ﬁscheri. This is in good agree-
ment with the known taxonomy of this clade (James et al., 2006;
Wang et al., 2009).
3.2. Complementation of the S. cerevisiae hsf1 mutation
P. lutzii is a nearly intractable organism as far as molecular tools
are regarded. Since it was unfeasible to study the functions of PlHsf
by means of gain- or loss-of-function strategies in the fungus itself
(for recent advances and lingering difﬁculties in this regard, see
Almeida et al., 2007), we decided to use a tangential approach that
would prove it is able to carry out its putative functions in another
organism. To this end, we procured the HS126 strain of S. cerevisiae,
whose chromosomal copy of the HSF1 has been deleted and re-
placed by a copy in a centromeric URA3 plasmid (Table 1). We
transformed this strain with YEpPlHsf and tested the ability of
the new HCP1 strain to undergo counter-selection with 5-FOA
and survive with PlHsf in place of the native gene, as outlined in
material and methods. As depicted in Fig. 3B, it grew on SD-
TAU5, as opposed to HCP2, whose empty vector YEppgk351 was
unable to rescue the loss of hsf. Thus, PlHsf retains the essential
functions at room temperature that make it an essential gene.
The new strain, harbouring only the foreign gene, was labelled
HCP3. However, the complementation was only partial: HCP3
showed a delay in growth, in that its colonies were noticeably
smaller at 5 days than the HCP2 ones.
3.3. Screening of P. lutzii promoter regions
A total of 650 ORFs from P. lutzii contain at least one HSE with
three GAA or TTC cores according to our in silico screening. Of
these, 163 had a functional annotation at the time of the screening.
Genes that were positive for one or more HSEs, and which had a
putative function ascribed to them by manual annotation, were
grouped according to the categories in the KOG database. Their
breakdown according to their KOG category can be seen at Table 4,
and the full list of annotated genes, at Supplementary Table 1. We
can supply the list of ORFs for predicted proteins without a func-
tional annotation upon request.
3.4. Association of PlHsf to binding sites found in dimorphism control
genes
The DNA-binding domain of PlHsf was expressed in E. coli and
puriﬁed for gel-shift studies on synthetic probes derived from
imperfect HSEs identiﬁed manually in the promoters of oneheat-shock protein, hsp104, which is likely to be controlled by
Hsf – and two homologues of well characterised dimorphism con-
trol genes, drk1 and ryp1. They were not identiﬁed by the auto-
mated search tool because the spacing between the core HSE
repeats does not conform to the values established in the literature
(see Table 3), but the differences were always of only one base and,
in the absence of other putative HSEs in these promoters, we
decided to test these sequences for Hsf binding activity. We ob-
served that, at room temperature, the puriﬁed domain was able
to bind the probes (Fig. 4A). The use of the non-labelled wild-type
competitor suppressed the observed shifts in a dose-dependent
manner, while the mutated versions of these competitors, contain-
ing GAA? CAA and TTC? TTG in all HSE sites and used as nega-
tive controls, did not compete for the interaction with the fusion
protein. This employment of non-labelled probes as competitors
thus conﬁrmed the speciﬁcity of binding to HSE. Negative control
assays using GST alone did not cause any mobility shift (Fig. 4B),
which conﬁrmed the DNA-binding properties of recombinant
PlHSF DBD. Densitometry measurements of the retarded bands in
the presence of the competitors at a higher concentration of
100-fold molar excess (Fig. 4B) conﬁrmed the dose-dependence
of competition shown with 25- and 50-fold molar excess of the
non-labelled wild-type probes (Fig. 4A).
4. Discussion
The heat shock factor is well-characterised in budding and ﬁs-
sion yeasts, and is known to control the response to several kinds
of stress (Liu and Thiele, 1996; Sewell et al., 1995; Tamai et al.,
1994) and to play a role in cell homeostasis in the absence of obvi-
ous stress agents, since deletion is lethal (Sorger and Pelham,
1988). Promoter occupancy studies in S. cerevisiae have shown that
not only chaperones, but genes coding for proteins of most func-
tional categories may be under the control of Hsf (Hahn et al.,
2004). More careful analysis of HSE sequences has revealed a great-
er degree of complexity in regulation than mere sensing of changes
in temperature (see, for example, (Hashikawa et al., 2007).
The ﬁrst, and so far only fungal pathogen of humans in which an
Hsf homologue has been studied in detail was C. albicans (Nicholls
et al., 2009). In this model organism, the protein is essential for
chaperone homeostasis in the absence of heat shock, although its
prototypical function is retained. However, C. albicans is a com-
mensal pathogen, and therefore unlikely to be challenged with
substantial changes in temperature. This is not the case of most
systemic fungi, which are free-living pathogens that infect humans
by chance encounters. Most of them are thermally dimorphic; a
virulence-determining trait whose mechanisms only recently have
began to be elucidated. An open question is the identity of the tem-
perature sensor in these fungi. Given the fact that heat shock fac-
tors have evolved to detect thermal signals, we believe that our
characterisation of the ﬁrst homologue in a thermodimorph will
Fig. 2. Phylogeny of the heat shock factors from Eurotiomycetidae. Bayesian inference phylogram of available heat shock sequences from GenBank. The sequences species are
as follows (GenBank ID in parentheses): Aspergillus oryzae (XP_001820392.1); Aspergillus ﬂavus (XP_002374014.1); Aspergillus niger (XP_001397489.1); Aspergillus terreus
(XP_001218433.1); Neosartorya ﬁscheri (XP_001266342.1); Aspergillus fumigatus (strain Af293, XP_748152.1; strain A1163, EDP51041.1); Aspergillus clavatus
(XP_001276349.1); Penicillium chrysogenum (XP_002568463.1); Talaromyces stipitatus (XP_002341952.1); Penicillium marneffei (XP_002151094.1); Microsporum canis
(EEQ29193.1); Coccidioides posadasii (EER27567.1); Coccidioides immitis (XP_001242503.1); Uncinocarpus reesi (XP_002544487.1); Ajellomyces (Blastomyces) dermatitidis
(isolate SLH14081, XP_002621743.1; isolate ER-3, EEQ91839.1); Ajellomyces capsulatus (Histoplasma capsulatum: strain NAm1, XP_001539440.1; strain G186AR,
EEH05545.1); Paracoccidioides lutzii (ABR09439.1); Paracoccidioides brasiliensis (isolate Pb18, EEH46310.1; isolate Pb03, EEH17457.1); and Saccharomyces cerevisiae
(AAA34688.1).
Fig. 3. Complementation of HSF1 loss by PlHsf. (A) Negative control on SD-TAUD plate. 48 h-incubation period of HCP1 (upper hemisphere) and HCP2 (lower hemisphere)
transformants. (B) Counterselection on SD-TAU5 plate. The 5-days grown independent transformants are displayed in the same conformation of (A).
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morphogenetic programme that controls the mould-to-yeast
transition.The heat shock factor of P. lutzii is a 92-kDa protein with a con-
served DNA-binding domain that is a signature of its family, and
which contains a full basic helix-loop-helix motif that is essential
Table 4
KOG categorisation of annotated P. lutzii ORFs that possess a HSE in the 1 kb region upstream of their initiation codon.
KOG category HSE type
Canonic Step Gap Ambiguous*
Amino acid transport and metabolism 1 10 6 -
Carbohydrate transport and metabolism – 3 1 1
Cell cycle control, cell division, chromosome partitioning 1 2 1 –
Cell wall/membrane/envelope biogenesis – 4 2 –
Chromatin structure and dynamics – 2 2 –
Coenzyme transport and metabolism – 8 3 –
Cytoskeleton 1 1 – –
Energy production and conversion – 4 3 –
Inorganic ion transport and metabolism 2 6 1 –
Intracellular trafﬁcking, secretion, and vesicular transport 1 5 3 –
Lipid transport and metabolism 1 2 6 –
Nucleotide transport and metabolism – 4 2 –
Posttranslational modiﬁcation, protein turnover, chaperones – 12 10 2
Replication, recombination and repair – 2 4 –
RNA processing and modiﬁcation – – 3 1
Secondary metabolites biosynthesis, transport and
Catabolism – 1 1 1
Signal transduction mechanisms 1 5 6
Transcription – 5 4
Translation, ribosomal structure and biogenesis 2 7 7
Total 10 83 65 5
* The ‘‘ambiguous’’ column corresponds to promoters whose HSEs fullﬁll the deﬁning criteria for both step- and gap-type elements.
H.C. Paes et al. / Fungal Genetics and Biology 48 (2011) 947–955 953for recognition of the HSE cores. However, the remaining sequence
differs considerably from those of Saccharomycotina, including S.
cerevisiae and C. albicans, which suggests that regulation of HSE
binding and possibly oligomerisation and phosphorylation in this
Hsf is distinct as well. This is further implied by the degree ofFig. 4. EMSAs of selected HSEs from P. lutzii. (A) EMSAs were carried out on native 8%
ﬂuorescent probes (Table 3). Non-labelled wild type (wt) and mutated (mut) probes wer
binding was pointed out by the capacity of the non-labelled competitors in impairing
estimated by densitometric analysis. (B) GST Negative controls and higher concentration
type (wt) competitor in 100-fold molar excess or 0.5 lg of GST were measured relativeconservation of Hsf homologues in the Eurotiomycetidae, which
includes aspergilli and most thermodimorphs: four conserved do-
mains with no similarity to yeast or mammal are identiﬁable
(Fig. 1). Their speciﬁc roles in the response to heat shock, and in
dimorphism, if any, demands further investigation. A C-terminalpolyacrilamide gels with 0.5 lg of GST::PlHsf-DBD and the hsp104, drk1 and ryp1
e used as speciﬁc competitors in 25- and 50-fold molar excess. The speciﬁcity of the
the complexes visualisation. Relative intensities of the complexes formed were
of the competitor employment. Shifted bands in the presence of non-labelled wild
to the band obtained in the presence of the fusion construct alone.
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described (Hashikawa et al., 2007). Conserved amino acid residues
in the DBD open the possibility of creating mutant strains harbour-
ing a dominant, constitutively activated Hsf in P. lutzii or other
thermodimorphs, allowing us to identify any changes in morpho-
genetic patterns. We have preliminarily looked for phosphoryla-
tion sites in the sequence of P. lutzii Hsf. The NetPhosYeast tool
at ExPASy yields several, most of which on serine residues. Of those
that are conserved in all or most Eurotiomycetidae, Ser551 and
Ser640 in domain 3 are very likely to be modiﬁed (they achieved
scores above 0.8 in the aforementioned tool), and so is Ser227 in
the DBD. However, even in S. cerevisiae, the issue of Hsf phosphor-
ylation has not yet been understood. It is known that certain ki-
nases such as Snf1 are able to phosphorylate Hsf1 in that
organism under stimuli other than temperature (Tamai et al.,
1994) Under heat shock itself, phosphorylation is known to occur
(Høj and Jakobsen, 1994; Liu and Thiele, 1996), although the ki-
nases responsible for it and the precise role of this covalent modi-
ﬁcation for activation and inactivation of the protein are still open
to discussion. Similarly, phosphorylation in response to heat shock
has been described in C. albicans (Nicholls et al., 2009), but the
implicated kinases are as of yet unknown. Importantly, we have
not found a multiple serine sequence on PlHsf that could be com-
pared with the phosporylation site of the S. cerevisiae protein.
The heat shock factor seems to be a valuable phylogenetic mar-
ker for Eurotiomycetidae. It seems to have followed speciation clo-
sely, and the Hsf phylogramwe generated has enough resolution to
tell Eurotiales and Onygenales apart with precision - see, for exam-
ple, (Wang et al., 2009), even clustering P. lutzii apart from two P.
brasiliensis species (Teixeira et al., 2009). Curiously, species from
the Penicillium complex (including the teleomorph T. stipitatus)
do not cluster together in this tree, in keeping with the suggestion
that Penicillium may in fact be a polyphyletic group (Berbee et al.,
1995).
A question concerning heat shock factors is their location in the
cell. In some species, such as mammals and S. pombe, the protein is
located in the cytosol – sometimes complexed with a chaperone
such as Hsp70 – and translocates to the nucleus upon activation
by heat shock (Gallo et al., 1991). In others, such as S. cerevisiae,
it is at least partially bound to its target sequences in promoters
in inactive form, and undergoes a conformational change that trig-
gers its regulatory activity when stimulated (Jakobsen and Pelham,
1988). It is unknown which is the default state of the Hsf from P.
lutzii, but it is likely to have afﬁnity for HSEs even at room temper-
ature, since it was able to rescue the loss of the native protein in S
cerevisiae, and to recognise the imperfect HSEs we identiﬁed in the
promoter regions of dimorphism control genes. The latter experi-
ment suggests a possible role in transcriptional control of master
regulators of the dimorphic transition, Drk1 and Ryp1. Still, the fact
that such an association occurs warrants further investigation,
since the existence of effectors upstream of Drk1 and the Ryp pro-
teins has not been assessed. Recent ﬁndings in our lab (L. F., unpub-
lished observations) indicate that the expression curve of the P.
lutzii Ryp1 homologue in response to the temperature shift from
room to host is bimodal, which implies that a regulator is present
in addition to Ryp1 itself.
The complemented strain HCP3 shows a growth retardation
that we are currently unable to account for, and which is also ob-
served at liquid culture conditions (unpublished observations). In
light of that, we have not performed heat shock experiments on
this strain, since comparison with wild-type survivability would
be confounded by its slower growth. Further experiments will be
necessary to address this issue, but, since HCP2, which harbours
both genes, does not have apparent growth anomalies, overexpres-
sion of the PlHsf protein by the PGK1 driven cassette in an epi-
somal, multicopy plasmid, is unlikely to be the cause. It is moreprobable that, at room temperature, the foreign protein fails to
associate with genes that are essential to viability of S. cerevisiae.
This could allow us to identify more clearly the housekeeping func-
tions of Hsf, which are currently unclear.
We performed a screening of promoters for perfect HSEs, and
found that most functional categories of genes have members with
these elements in their promoters. Given that imperfect HSEs may
also be functional, and that some promoters in S. cerevisiae were
found to bind Hsf without an apparent HSE, it will be interesting
to ﬁnd out how these in silico ﬁndings correlate with ChipSeq stud-
ies. We also have looked at the differential genes reported before
by Parente et al. (2008), Bastos et al. (2007) and Andrade et al.
(2006), but we have found only ﬁve genes of predicted HSE-con-
taining promoters. They are: (1) acetyl-CoA hydrolase – (Broad
Accession Number: PAAG_04856; (2) 60S ribosomal protein
L27-A PAAG_01939; (3) UDP-N-acetylglucosamine transporter
– PAAG_04988; (4) peptidyl-prolyl cis–trans isomerase B
– PAAG_00739; (5) pyruvate dehydrogenase E1 component sub-
unit beta – PAAG_01534. Even so, so few genes do not allow us
to establish a correlation between their data and ours, since our
work hypothesis is not that Hsf is an effector of the dimorphic tran-
sition, but that it acts as an initial sensor that triggers the process,
possibly by up-regulating Ryp1. These issues will only be clariﬁed
with chromatin immunoprecipitation studies.Acknowledgments
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